X-Ray Polarimetry of Astronomical Sources: 
Introducing a NASA Mission with a New 
Window on the X-ray Universe 
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¢ A look to the past 
e¢ Experimental techniques 


e Electron tracking 


e IXPE the mission 


e IXPE the science 


Stel elarzclilels - : 

¢ Polarization is a property of electro-magnetic waves connected 
with the direction of the electric and magnetic fields which are 
themselves transverse to the direction of propagation. 
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¢ The degree of polarization and the “position angle” depend on 
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¢ Thus modeling of what we see must also predict the degree of 
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¢ July 1968 — Lithium-block, “Thomson’”-scattering polarimeter 
flown on an Aerobee -150 rocket 
— Target was the brightest X-ray source Sco X-1 
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Fig. 1. (a) Schematic representation of the polarimeter concept. (b) Mounting of the polarimeter 
and ancillary equipment in the rocket. 


Scattering polarimeter : 


e Thomson cross-section approximates the angular dependence 


do / dQ =(e* /mc*)*(cos* Ycos* g+sin* g) 
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Considerations — 
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¢ Achieve as large a sensitivity to polarization as possible 
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MDP(%) = (4.29x104 / M(%)),/(R, + Rp )/4/ Ret 


¢ MDP is the degree of polarization detected at the 99% 
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e Mis the modulation from a 100% polarized beam with R, = 0 
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e Two instruments in one payload! 
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e 1971 Aerobee 350 
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e P=15% + 5% 
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a Room Oho Oo meiayssii- lm ele)t-lslenlclicis 
¢ Precision measurement of integrated emission from the Crab 


Nebula polarization at 2.6 keV 
¢ P=19% + 1% 
© @=156 + 2° (NNE) 


11 


P (fraction) 


on 
S 
ui 
w 
® 
~ 

> 
® 
v 

—* 
< 
a 


30 40 50 
radius around pulsar position (arcsec) 


er, A., Mignani, R.P., et al. (201: 


Neewamertata ESIC EL X-ray F -olarimeter 4 SXR D) 


= 


e Planned to fly on the Russian Spectrum-X Gamma Mission in 
the early 1990s 
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e Soviet Union Collapsed --- never launched 
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e The direction of the initial K-shell photoelectron is determined 
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e Austin & Ramsey 1992 

e Pixelated Gas Multiplication 
¢ Costa et al. 2001 
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e Black et al. 2007 
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Sy CoMO) Mal lirelm elalyzelile)am-vale 
Auger electron cloud 
produced by a 54 keV 
(e)ate)(o)amlam-manly.qiulcome)mr-lae(e)a 
(90%), methane (5%), and 
trimethylamine (5%) at two 
atmospheres 


Austin and Ramsey (1992) 


¢ Opens a new window on the universe — imaging (30") X-ray 
polarimetry 


e Addresses key questions, providing new scientific results and 
constraints 
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— Was our Galactic Center an Active Galactic Nucleus in the recent past? 
— What is the magnetic field structure in synchrotron X-ray sources? 
— What are the geometries and origins of X-rays from pulsars (isolated and 
accreting)? 
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— Reduces observing time by a factor of 100 compared to OSO-8 
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— Is free of false-polarization systematic effects at less than 0.3% 


— Enables meaningful polarization measurements for many sources of 
different classes 
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e Three sets of identical X-ray mirror modules and imaging, 
polarization-sensitive detectors 
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IXPE mission overview 
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= Pegasus XL launch from 
LAW elte loa 

= Launch ready by early 
2021 

= 540-km circular orbit at 0° 
Tarerijarcticeya 

= 2-year baseline mission, 1 
year extension 

= Point-and-stare at known 
targets 
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Electroformed X-ray optics @ MSFC 
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IXPE Mirror Module Assembly 
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e Uses a single rigid spider to support the 24 
nested shells and attach module to structure 
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e Limit (rear) spider does not support mirror shells 
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4000 mm 
600 mm 
162-272 mm 
0.16—0.26 mm 
Electroformed nickel—cobalt alloy 


230 cm (@ 2.3 keV); >240 cm? 
(3-6 keV) 


< 25 arcsec 
12.9 arcmin square 


The IXPE detectors 
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E. Costa et al. 2001, Bellazzini 2006. Bellazzini 2007 


Sensitive area 
Fill gas and composition 
Detector window 


Absorption and drift region 
depth 


GEM (gas electron multiplier) 


GEM hole pitch 

Number ASIC readout pixels 
ASIC pixelated anode 
Spatial resolution (FWHM) 
Energy resolution (FWHM) 


15mm x 15mm 
He/DME (20/80) @ 1 atm 
50-um thick beryllium 
10 mm 
copper-plated 50-um liquid-crystal 
polymer 
50 um triangular lattice 
300 x 352 
Hexagonal @ 50-um pitch 
< 123 um (6.4 arcsec) @ 2 keV 
0.54 keV @ 2 keV (« VE) 
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e¢ For a micro-quasar GRX1915+105 in an accretion 
ofe)aaliarcliciemcirelts 
mee ler-lit=)alalemele)t-lay4ccomialom lalla nerol Melis) @rolaalistsi (ele 
— Polarization rotation is greatest for emission from inner disk 
e Inner disk is hotter, producing higher energy X-rays 
— Priors on disk orientation also constrain model 
a = 0.50+0.04; 0.900+0.008; 0.99800 +0.00003 
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¢ Probe sites of cosmic-ray acceleration: Cas A 
ea Ml alssourslalemsalslaaarclmeelaytialeleraamele)anliatsitsw mean <oaVs 
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Ob | | 
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10. § = 0-165 + 0.016 
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P = 0.324 + 0.031 
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Cas A image at /XPE resolution (1.5-Ms) 
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Test quantum electrodynamics = 
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¢ Magnetar is a neutron star with magnetic field up to 104° Gauss 
— Non-linear QED predicts magnetized-vacuum birefringence 
¢ Refractive indices of the two polarization modes differ from 1 and each other 
¢ Impacts polarization and position angle as functions of pulse phase 
— Example is the magnetar 1RXS J170849.0-400910, with an 11-s pulse 
lel=yarele! 
e Can easily exclude QED-off at better in 250-ks observation 
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Was Sgr A* recently 10° x more active? 
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¢ Galactic Center molecular clouds (MC) are Known X-ray sources 


— If MCs reflect X-rays from Sgr A* (Supermassive black hole in the Galactic 
center) 


e X-radiation would be highly polarized perpendicular to plane of reflection and 
indicates the direction back to Sgr A* 


¢ Sgr A* X-ray luminosity was 10° larger = 300 years ago 


Phase-resolved polarimetry: Crab Pulsar : : 
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Grey = optical 
¢ Emission geometry and processes 
are unsettled 
sem One) 00] el=201 ale manreleliicm easel (emelliicialale 
lele)f-layze\ile)amelciar- Ne) Mi ltam OlU]isiom elataKsi= 
e X-rays provide clean probe of 
geometry 
— process entirely different in radio band 


— We recently discovered no pulse phase- 
ol=elcyalelsialmvc-var-llelam lam ele)r-laya-uele)al 
degree and position angle @ 1.4 GHz 


— Absorption likely more prevalent in 
visible band 
¢ 140-ks observation gives ample 
Statistics to track polarization 
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IXPE imaging of AGN =a 
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¢ Active galaxies are powered by supermassive BHs with jets 
Jan nt -\0 (0 ole) t-layz-Uelelamian|@)iicxomlarom pare lelalcvilemi(oi em icmeli(elalcremnvliam (cit 
¢ Different models for electron acceleration predict different dependence in 
X-rays 
¢ Two Ultra Luminous X-ray sources (one to SW on detector but 
not visible in 6-arcmin-square displayed region) 
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